We perform a comparative study of the neutralino dark matter scattering on nucleon in three popular supersymmetric models: the minimal (MSSM), the next-to-minimal (NMSSM) and the nearly minimal (nMSSM). First, we give the predictions of the elastic cross section by scanning over the parameter space allowed by various direct and indirect constraints, which are from the measurement of the cosmic dark matter relic density, the collider search for Higgs boson and sparticles, the precision electroweak measurements and the muon anomalous magnetic moment. Then we demonstrate the property of the allowed parameter space with/without the new limits from CDMS II. We obtain the following observations: (i) For each model the new CDMS limits can exclude a large part of the parameter space allowed by current collider constraints; (ii) The property of the allowed parameter space is similar for MSSM and NMSSM, but quite different for nMSSM; (iii) The future SuperCDMS can cover most part of the allowed parameter space for each model.
(iii) We demonstrate the properties of the allowed parameter space (such as the components of the neutralino dark matter and the invisible Higgs boson decay into a pair of dark matter particles) by comparing the three models.
(iv) We show the capability of the SuperCDMS [11] in probing the currently allowed parameter space for each model. This paper is organized as follows. In Sec.II we briefly describe the three models: the MSSM, the NMSSM and the nMSSM, focusing on the Higgs sector and the neutralino/chargino sector since they are directly relevant to the dark matter scattering. In Sec.III we scan over the parameter space under current constraints, and give the predictions of the cross section for χ-nucleon scattering with comparison to the CDMS II results. Also we will demonstrate the properties of the allowed parameter space with/without considering the CDMS new limits. In Sec. IV we give our conclusions.
The mass eigenstates can be obtained by unitary rotations
where H 1,2,3 and A 1,2 are respectively the CP-even and CP-odd neutral Higgs bosons, G 0 and G + are Goldstone bosons, and H + is the charged Higgs boson. So in the NMSSM and nMSSM, there exist a pair of charged Higgs bosons, three CP-even and two CP-odd neutral Higgs bosons. In the MSSM, due to the absence of S, we only have two CP-even and one CP-odd neutral Higgs bosons in addition to a pair of charged Higgs bosons.
The MSSM predict four neutralinos χ , ψ S ) (for MSSM ψ S is absent) the neutralino mass matrix is given by
for nMSSM (11) where M 1 and M 2 are respectively U (1) and SU (2) gaugino masses, s W = sin θ W , c W = cos θ W , s b = sin β and c b = cos β with tan β ≡ v u /v d . In our study the lightest neutralino χ 0 1 is assumed to be the lightest supersymmetric particle (LSP), serving as the SUSY dark matter particle. It is composed by
where N is the unitary matrix (N 15 is zero for the MSSM) to diagonalize the mass matrix in Eqs. (9) (10) (11) . The chargino sector of these three models is the same except that for the NMSSM/nMSSM the parameter µ is replaced by µ eff . The charginos χ
) are the mixture of charged Higgsinos ψ
and winos λ ± = (λ 1 ± λ 2 )/ √ 2, whose mass matrix in the basis of (−iλ ± , ψ
) is given by
So the chargino χ ± 1 can be wino-dominant (when M 2 is much smaller than µ) or Higgsino-dominant (when µ is much smaller than M 2 ). Since the composing property (wino-like, bino-like, Higgsino-like or singlino-like) of the LSP and the chargino χ ± 1 is very important for SUSY phenomenology, we will show such a property in our following study.
III. NUMERICAL RESULTS AND DISCUSSIONS
So far there are various constraints from both collider and dark matter experiments. In our study we consider the following constraints:
(1) Direct bounds on sparticle and Higgs masses from LEP and Tevatron experiments [12] , e.g.,m χ + 1 > 103.5 GeV, mẽ > 73 GeV, mμ > 94 GeV, mτ > 81.9 GeV and m H + > 78.6 GeV.
(2) LEP II search for Higgs boson [13] , which include various channels of Higgs boson productions [14] . is within the 2σ range of its experimental value. Various B-physics constraints are also included [14] . , for which we require the SUSY effects to account at 2σ level. (We note that 3σ effects are considered to be inconclusive in high energy physics. In collider experiments, there are a large number of channels and observables and there is a good chance that some of the measurements can show such deviation from expectation. The muon g − 2 experiment is quite different because there is just one quantity to measure in the experiment. In our opinion, the significance of the deviation should be taken rather seriously.) (6) Dark matter constraints from the WMAP relic density 0.0945 < Ωh 2 < 0.1287 [17] and CDMS II limits on the scattering cross section [8] . To show the effects of the CDMS II limits, we will display the results with/without such limits.
In addition to the above experimental limits, we also consider the constraint from the stability of the Higgs potential, which requires that the physical vacuum of the Higgs potential with non-vanishing vevs of Higgs scalars should be lower than any local minima. Further, the soft breaking parameters are required to be below 1 TeV to avoid the fine-tuning, and λ (at weak scale) is less than about 0.7 to ensure perturbativity of the theory up to the grand unification scale (λ is increasing with the energy scale [18] ). Note that most of these constraints have been encoded in NMSSMTools [14] . We extend this package and use it in our calculations. For the cross section of χ-nucleon scattering, we use the formulas in [19, 20] for the MSSM and extend them to the NMSSM/nMSSM (see Appendix A).
Considering all the constraints listed above, we scan over the parameters in the following ranges
To reduce the number of the relevant soft parameters, we work in the so-called m max h scenario with following choice of the soft masses for the third generation squarks: M Q3 = M U3 = M D3 = 800 GeV, and X t = A t − µ cot β = −1600 GeV. The advantage of such a choice is that other SUSY parameters are easy to survive the constraints (so that the bounds we obtain are conservative). Moreover, we assume the grand unification relation for the gaugino masses: 1.83 : 5.26 and also assume universal masses Ml and Mq for the three generations of sleptons and the first two generations of squarks respectively. 
FIG. 1:
The scatter plots for the spin-independent elastic cross section of χ-nucleon scattering. The '+' points (red) are excluded by CDMS limits (solid line), the '×' (blue) would be further excluded by SuperCDMS 25kg [11] in case of unobservation (dash-dotted line), and the '•' (green) are beyond the SuperCDMS sensitivity.
The surviving points are displayed in Fig. 1 for the spin-independent elastic cross section of χ-nucleon scattering. We see that for each model the CDMS II limits can exclude a large part of the parameter space allowed by current collider constraints and the future SuperCDMS (25 kg) can cover the most part of the allowed parameter space. For the MSSM and NMSSM the dark matter mass range m χ 0 1 is from 50 GeV to 400 GeV, while for the nMSSM the dark matter mass is constrained below 40 GeV by current experiments and further constrained below 20GeV by SuperCDMS in case of unobservation. For the MSSM/NMSSM the LSP lower bound at 50 GeV is from the chargino lower bound of 103.5 GeV plus the assumed GUT relation M 1 ≃ 0.5M 2 ; while the upper bound at 400 GeV is from the bino nature of the LSP (M 1 cannot be too large, must be much smaller than other relevant parameters) plus the constraints from the LEP II search for Higgs bosons, the muon g-2 and B-physics. Note that if we do not assume the GUT relation M 1 ≃ 0.5M 2 , then M 1 can be as small as 40 GeV and the LSP lower bound in MSSM/NMSSM will not be sharply at 50 GeV. In Fig. 2 we show the bino component of χ [20] , but also f H qi by diminishing T h00 . As for the nMSSM, χ 0 1 is singlino-like due to the small singlino mass in the neutralino mass matrix. The peculiarity of the nMSSM predictions will be discussed at the end of this section. In Fig. 3 we project the surviving points on the plane of M 1 versus µ. We see that for both the MSSM and NMSSM most of the survived points are below the M 1 = µ line, implying that χ the CDMS limits tends to have a larger µ, indicating a more bino-like χ 0 1 , which can be inferred from the neutralino mass matrices in Eq. (11) . For the nMSSM the upper bound of 500 GeV for µ is from the fact that a larger µ leads to a lighter LSP (as will be shown in Eq.15), which is then constrained by the required annihilation rate of the LSP.
In Fig. 4 we display the surviving points on the plane of the chargino mass m χ In Figs.5 and 6 we display the surviving points on the plane of µ and tan β versus the charged Higgs mass. In both the MSSM and NMSSM, large µ and small tan β are favored for a light charged Higgs boson. The reason is as follows. In the MSSM, there are two CP-even Higgs bosons contributing to the cross section. One is the SM-like Higgs boson h 0 with mass around 120GeV and the other is the heavy boson H 0 with mass nearly degenerate with the charged Higgs boson. Then from the expression of f H qi in Eq.(A3), one can learn that the H 0 contribution to the scattering cross section get enhanced for light charged Higgs boson. In this case, to alleviate such enhancement, large µ (to lower T H00 ) and/or small tan β (to lower T hqiqi ) are needed. In the NMSSM, although there are three CP-even Higgs boson contributing to the scattering, we can get the same conclusion as the MSSM because one of the bosons is singlet-dominant and its contribution is suppressed by T hqiqi , and the contributions from the other two bosons are quite similar to the case of the MSSM, . In Fig. 7 we show the value of |λ| versus the charged Higgs mass in NMSSM and nMSSM. This figure indicates that λ larger than 0.4 is disfavored for the NMSSM. The underlying reason is that T h00 in Eq.(A3) depends on λ explicitly and large λ can enhance T h00 [14] . By contrast, although CDMS has excluded some points with large λ in the nMSSM, there are still many surviving points with λ as large as 0.7.
In Fig. 8 we show the decay branching ratio of h 0 → χ 1 cannot be so light, and in the allowed region this decay has a very small branching ratio (below 10%). By contrast, in the nMSSM this decay can open in a large part of the parameter space since the LSP can be very light, and its branching ratio can be quite large (over 80% or 90%). Such a large invisible decay ratio may indicate a severe challenge for finding the Higgs boson h 0 at the LHC if the nMSSM is the true story. Fig. 8 also indicates that the mass of h 0 can reach 160 GeV. We checked that these cases correspond to λ varying from 0.6 to 0.7 so that the mass is enhanced at tree level. Now we discuss the reason for the peculiarity of the nMSSM predictions shown from Fig. 2 to Fig. 8 . About the narrow parameter space of the nMSSM constrained by collider experiments, a detailed analysis has been given in [4] , here we only explain the behavior of the nMSSM under the CDMS/SuperCDMS limits. Our explanation is based on following three facts. The first comes from the neutralino mass matrix in Eq. (11) written as [4] :
This formula shows that to get a heavy χ 0 1 , we need a large λ, a small tan β as well as a moderate µ. The second fact is that, due to the singlino dominance of χ by affecting the coupling T h00 [14] and a large λ can enhance the cross section. The last fact is based on Fig. 1 which shows that the constraints of CDMS results become stringent for heavyχ Fig. 6 and Fig. 7 indicate that the disfavored points by CDMS are characterized by small tan β and large λ. The reason is that only under these two conditions, both mχ and the cross section can be large simultaneously.
The similarity of the allowed parameter space for the MSSM and NMSSM can be understood as follows. In both models χ 0 1 is composed dominantly by bino, as shown in Fig. 2 . Then the properties of χ 0 1 (like the relic density and the χ-nucleon scattering) are similar in both models. Our such conclusion agrees with [21] except that the conclusion of [21] is based on a different scan scheme. Compared with [21] , we considered more constraints and so our conclusions are more robust.
IV. SUMMARY
Considering the current direct and indirect collider constraints, we gave a comparative study for the neutralino dark matter scattering on nucleon in the MSSM, the NMSSM and the nMSSM. We showed the predictions for the elastic cross section by scanning over the parameter space allowed by the collider constraints and demonstrated the property of the allowed parameter space with/without the new limits from CDMS II. We found that for each model the new CDMS limits can exclude a large part of parameter space allowed by current collider constraints. The property of the allowed parameter space is found to be similar for MSSM and NMSSM, but quite different for nMSSM. Further, the future SuperCDMS can cover most part of the allowed parameter space for each model. In supersymmetric models, the spin-independent elastic χ-nucleon scattering is described by the following effective Lagrangian [19, 20] :
where the twist-two quark and gluon operators are defined by
G µν a is the gluon field-strength tensor, and f q , g q , b and B are coefficients. In the MSSM, the coefficients f q andare determined by calculating the diagrams in Fig. 9 in the extreme nonrelativistic limit, and they are given by
where the subscripts q = u, d and i = 1, 2, 3 refers to the flavor index in quark sector, and X ′ qij0 , W ′ qij0 , T h00 and T hqiqi are the coupling coefficients ofq i P R χ 0qj ,q i P R χ 0qj ,χ 0 χ 0 h andq i q i h vertices respectively.
The coefficients of the last four operators can be obtained in a similar way from Fig. 10 , and their expressions are About above formulae, two points should be noted. One is the Lagrangian in Eq.(A1) is specified at a highenergy scale, for example, µ 0 ≃ m h , and in order to get the scattering rate measured in dark matter direct detection experiments, one must consider important QCD and SUSY-QCD corrections to the coefficients [22] . In our calculation, we have considered such effect. The other is some extensions of the MSSM, such as NMSSM and nMSSM considered in this paper, usually predict extra CP-even Higgs bosons and neutralinos, and consequently, the couplings appeared in above formulae may be changed. In this case, the formulae listed above still keep valid in the sense that one must use the corresponding new couplings with the same convention as that in [19] and also include the contributions from new intermediate states. For example, the NMSSM predicts three CP-even Higgs bosons, and one should add the three boson contributions in getting f H qi [23] . Given the effective Lagrangian in Eq.(A1), one can write down the spin-independent scattering cross section of a neutralino from a nucleon N (proton or neutron) in a standard way [20, 24] : ) in the third term and the last term is a renormalization-group invariant (in other words, independent of µ 0 ) and their evaluation was described in detail in [20] . In our calculation, we use σ πN = 64 MeV and ). Before we end this section, we remind two subtleties in Eq.(A6) [20] . One is to get the coefficient b by the formula in Eq.(A4), one should not include the contribution of u, d, s quarks to B D since they are non-perturbative effects. The other is only top quark contribution needs to be considered in getting B 2S in the last term. The reason is the contributions from u, d, s quarks to B 2S are non-perturbative effects, and the contributions from c, b quarks have been moved to the third term of Eq.(A6).
